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The ground state of alkali metals when the particle size decreases from bulk to nanometric atomic clusters is inevitably
accompanied by quantum effects that can suppress their pristine metallic state. We demonstrate that the metallic nature
of rubidium clusters confined and arrayed in the framework of insulating low-silica X zeolite is preserved. The 87Rb
NMR spin-lattice relaxation assigned to rubidium clusters in supercages shows a Korringa behavior from 190 K down
to 10 K, which is compatible with a macroscopic observation of low electrical resistivity. The density of states at the
Fermi level is found to be enhanced compared to the analogous sodium case, consistent with a Holstein-Hubbard model
of alkali-loaded zeolites.
Alkali metals at ambient conditions crystallize in body cen-
tered cubic structure.1) They are described as a textbook ex-
ample of simple metals with a nearly-free electron model. In
the bulk, the interatomic electron interactions remove the de-
generacy of alkali-metal s-states and form a conduction band,
where the density of states (DOS) plays a crucial role in de-
termining the properties of metals. However, for small nano-
sized particles and atomic clusters of alkali atoms their prop-
erties are determined by the statistics of the s-electron-level
distribution.2, 3) Therefore, when alkali clusters are formed in
nanospaces or cages, quantum effects become important and
new electronic states emerge with symmetries corresponding
to 1s, 1p and 1d states, which are the solutions of the spherical
quantum-well model.4) These cluster states may be also influ-
enced by electron correlations due to the Coulomb repulsion
and electron-phonon interactions. As a result, the metallic na-
ture of alkali clusters becomes fragile and can be even fully
suppressed.
Zeolites5) with a periodic array of empty voids called
cages possess a framework, which is ideal to confine alkali
clusters. In constrast to alkali nanoparticles formed on sub-
strates, where the size distribution of these particles cannot be
avoided, the zeolite frameworks offer regular arrangements of
clusters with a well defined number of alkali atoms.3) In so-
dalite and zeolite A structures with relatively small cage sizes
(∼7 Å and ∼11 Å for β-cage and α-cage, respectively) and
small sizes of windows between the adjacent cages (∼3 Å and
∼5 Å), the metallic nature of alkali clusters is strongly sup-
pressed, leading to Mott insulating ground state, for which a
variety of magnetic transitions were reported.6–8) On the con-
trary, larger cage and window sizes (∼13 Å and ∼8 Å for a
supercage) found in low-silica X (LSX) zeolite seem to pre-
serve the metallic nature of alkali clusters when the cages
are loaded with sodium.9) However, sodium loaded LSX ze-
olite is far from being a simple metal. Although the Drude
term is observed in the optical spectra, resistivity remains rel-
atively high, which is typical for bad metals.10) The 23Na spin-
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lattice relaxation rate divided by temperature, 1/T1T , shows a
Korringa-type temperature independent behavior only at tem-
peratures below 30 K, where a metallic ground state is con-
cluded to exist on a microscopic scale with the small DOS at
the Fermi level, N(EF ).11)
To gain a better understanding of how the metallic state of
alkali clusters is influenced by the confinement in LSX zeo-
lite, it would be desirable to exchange sodiumwith heavier al-
kali atoms. In the framework of the Holstein-Hubbard Hamil-
tonian (t-U-S -n model),12, 13) which captures all the essential
ingredients of s-electrons of alkali clusters confined in zeo-
lite cages, heavier alkali metals have lower ionization ener-
gies resulting in a shallower cluster potential.4) This increases
the s-electron transfer energy t, reduces the electron-phonon
interaction energy S and promotes the metallic state at other-
wise comparable values of Coulomb repulsion energy U and
electron concentration n.
In this letter, we report the first study of rubidium-loaded
LSX zeolite employing complementary macroscopic and mi-
croscopic probes, and comparing it to the sodium-loaded
LSX. Rb-form low-silica X zeolite with a chemical formula
Rb12Al12Si12O48 (hereafter abbreviated as Rb12-LSX), was
obtained by ion exchange method from K-form LSX pow-
der soaked in a RbCl aqueous solution. Rb metal was ad-
sorbed into the fully dehydrated Rb12-LSX at a high load-
ing density. The average number of guest Rb atoms per su-
percage, n ≃ 7.6, was estimated from the weight ratio of the
metal to Rb12-LSX. The Rb-loaded sample is abbreviated as
Rbn/Rb12-LSX. Similarly, Na-loaded Na-form LSX is abbre-
viated as Nan/Na12-LSX.10)
The detailed experimental procedure for the dc resistivity,
ρ(T ), measurement is explained elsewhere.14) Optical spectra
were measured with a Varian Cary 5G optical spectrometer.
Frequency-swept nuclear magnetic resonance (NMR) spec-
tra were taken in a magnetic field of 9.39 T corresponding
to the 87Rb Larmor frequency of ν87ref = 130.895 MHz, deter-
mined with a frequency standard aqueous solution of RbCl.
The spectra were measured by a solid echo pulse sequence
with a pulse length of 2.4 µs. The NMR spectra were taken
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Fig. 1. (a) Optical reflectance spectrum of Rb7.6/Rb12-LSX measured at
room temperature. (b) Temperature dependences of dc electrical resistivity
of Rb7.6/Rb12-LSX (red solid squares) and Na16.5/Na12-LSX zeolites (blue
solid circles). The measured resistivity values are well above our measure-
ment system threshold of 0.1 Ωcm due to the geometry constraints of the
electrodes inside the sample cell.
at the frequency steps of 50 kHz and combined to obtain the
full spectrum. The temperature dependence of bulk magnetic
susceptibility was measured in a magnetic field of 5 T with a
Quantum Design MPMS-XL system.
Optical reflectance spectrum of Rb7.6/Rb12-LSX exhibits
clear peaks at ≃ 0.6 eV and ≃ 2.3 eV (Fig. 1(a)). These peaks
are attributed to the optical excitations of the s-electrons and
confirm14) that s-electrons provided by guest Rb atoms are in-
deed confined in the supercage network and β-cages, respec-
tively.
Fig. 1(b) shows that ρ(T ) of a pressed powder sample
of Rb7.6/Rb12-LSX has more than two orders of magnitude
smaller value compared to the most conducting maximally
loaded Na-form LSX at low temperatures. It is important
to note that ρ(T ) of Na16.5/Na12-LSX does not diverge and
stays limited below 5 × 102 Ωcm at 4 K, whereas Nan/Na12-
LSX samples with moderate loading of guest sodium atoms
showed divergent behavior with orders of magnitude higher
resistivity, e.g. for n = 7.9 the resistivity is above 107 Ωcm
already at room temperature.9) This was a clear indication of
the insulator-to-metal crossover in sodium loaded LSX zeolite
at large n, which got further experimental support from NMR
spin-lattice relaxation data.11) Therefore, based on ρ(T ) it is
reasonable to conclude that Rb7.6/Rb12-LSX is positioned on
the metallic side relative to the insulator-to-metal crossover
compared to the Na16.5/Na12-LSX sample.
The observation of relatively high and almost temperature
independent ρ(T ) in Rb7.6/Rb12-LSX is reminiscent of bad
metal behavior, whereas Na16.5/Na12-LSX showing negative
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Fig. 2. (a) Temperature dependence of 87Rb NMR frequency-swept spec-
tra of Rb7.6/Rb12-LSX in a magnetic field 9.39 T (ν87ref = 130.895 MHz). (b)
23Na NMR spectra of maximally loaded Na16.5/Na12-LSX measured in 4.7
T (ν23ref = 52.9055 MHz) are added for comparison
11) including new data
below 100 K. The vertical dashed blue line marks the position of metallic
sodium (NaC). RC, SC and RbC denote the positions of residual, shifted and
rubidium components, respectively.
temperature coefficient of resistivity can be formally classi-
fied as bad insulator.15) In alkali-loaded zeolites, where the
insulator-to-metal crossover can be successfully described by
the t-U-S -n model,4) a combination of strong electron cor-
relations16, 17) and electron-phonon interactions may explain
the observed bad metal properties. The metal-to-insulator
crossover is a result of a complex loading-level dependence
of electric potential felt by the electrons confined to zeolite
cages, where the electronic correlations and disorder both
play an important role.11) In addition, the thermally acti-
vated motion of cations was observed in Nan/Na12-LSX,18, 19)
which underlines the importance of electron-phonon interac-
tion and polaron effects.4)
The 87Rb NMR spectra of Rb7.6/Rb12-LSX measured on
cooling from 200 K to 10 K are shown in Fig. 2(a). Each
spectrum is composed of three components, all of which have
characteristic lineshapes and exhibit different temperature de-
pendences of NMR shifts and spin-lattice relaxation time
T1. The first component has a characteristic quadrupolarly-
perturbed lineshape extending from -1600 ppm to 1600 ppm
at low temperatures and its center is barely shifted with re-
spect to ν87ref . It can be assigned to the so-called residual com-
ponent (RC) previously observed11, 19) in the 23Na NMR study
of Na-loaded Na-form LSX (Fig. 2(b)). The RC is attributed
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Fig. 3. (a) Temperature dependence of 87Rb NMR shift at the position of
SC in Rb7.6/Rb12-LSX. (b) Temperature dependence of bulk magnetic sus-
ceptibility of Rb7.6/Rb12-LSX. The negative temperature-independent dia-
magnetic contribution from a quartz tube has not been subtracted. The solid
lines represent independent fits of experimental data using Eqs. (1) and
(2), yielding comparable activation energies for small polarons of 320 K
and 284 K, respectively. From the fits we obtain Kiso = 2770 ppm, C1 =
3.3×106 ppm·K, χ0 = −1.3×10−6 emu/cm3 ·K,C2 = 2.8×10−4 emu/cm3 ·K,
C3 = 7.7×10−6 emu/cm3 ·K and θ = −9.2 K. Please see text for more details.
to rubidium sites located near the inner wall of the zeo-
lite framework that are responsible for the framework charge
compensation. The narrow component at 6400 ppm has an
NMR shift corresponding to the metallic rubidium.20) It is
natural to assume that this component originates from the
residual metallic rubidium adsorbed at the surface of LSX
crystals. In this work we label it as the rubidium compo-
nent (RbC). The third component with a strong temperature
dependence of NMR shift (Fig. 3(a)) has all the features of
the so-called shifted component (SC). At 10 K (Fig. 4(a)) the
SC is moderately shifted (2400 ppm), extremely broad (with
full width at half maximum over 5000 ppm) and has by far
the largest spectral weight. Because of the cationic motion,
its spin-spin relaxation rate (not shown) diverges at 110 K,
which makes it difficult to observe the SC around this tem-
perature. The SC has been previously observed in Na-loaded
Na-form LSX and has become a hallmark of metallic behav-
ior.11, 19) In Na16.5/Na12-LSX, the SC is clearly observed only
above 130 K (Fig. 2(b)), but it is overlapping with the RC at
low temperatures. This prevented the independent measure-
ments of NMR shift and T1 at the SC originating from the Na
clusters confined in supercages. In contrast, we can follow the
evolution of SC in the Rb7.6/Rb12-LSX sample down to low
temperatures.
In analogy to the sodium case, the strong temperature de-
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Fig. 4. (a) Full 87Rb NMR frequency-swept spectrum at 10 K decom-
posed into residual (RC), shifted (SC) and rubidium (RbC) components. (b)
1/T1T of Rb7.6/Rb12-LSX measured at the positions of RC, SC and RbC.
23Na 1/T1T of Na16.5/Na12-LSX at the position where RC and SC are over-
lapping is added for comparison. The metallic sodium22) (not shown) has
1/T1T = 0.21 s−1K−1.
pendence of 87Rb NMR shift at the position of SC (Fig. 3(a)),
can be well explained by a polaron model, where thermally
activated behavior is associated with the creation/annihilation
of localized small polarons from the bath of large (conduct-
ing) polarons.11, 19) At 10 K we can assume that the thermal
excitations of large polarons are completely suppressed, so
that the observed NMR shift of SC can be attributed to the
isotropic Knight shift, Kiso, which is proportional to the Pauli
spin susceptibility of large polarons and is a measure of their
DOS at the Fermi level, N(EF). Thus the NMR shift at the
position of SC can be modeled using the following empirical
expression19)
K(T ) = Kiso +
C1
T
exp
(
−
Ea
kBT
)
, (1)
where Ea, kB and C1 are the activation energy for small po-
larons, Boltzmann constant and a shift prefactor, respectively.
The fit of experimental data using Eq. (1) gives Ea = 320 K
and Kiso ∼ 2770 ppm. The extracted activation energy is by
a factor of ∼ 4 smaller with respect to the value found in
Na16.5/Na12-LSX.19)
For completeness, we also report the bulk susceptibility
data in Fig. 3(b), which, as expected, display the same ther-
mally activated behavior of small polarons with spin S = 1/2.
The susceptibility can be modeled with
χ(T ) = χ0 +
C2
T
exp
(
−
E′a
kBT
)
+
C3
T − θ
, (2)
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where χ0 is a sum of negative temperature-independent dia-
magnetism of quartz tube (not subtracted), spin susceptibil-
ity of large polarons and metallic rubidium contribution. E′a
is the activation energy for small polarons obtained indepen-
dently from the susceptibility data. θ, C2 andC3 are the Weiss
temperature and two independent constants, respectively. The
third term accounts for a Curie-Weiss contribution to suscep-
tibility originating from a small amount of impurities. Since
NMR is a local technique, the latter are not detectable in NMR
shift.19) Independent fit of bulk magnetic susceptibility using
Eq. (2) gives the activation energy E′a = 284 K, close to the
value obtained from the NMR shift analysis, validating the
polaron model.
The extracted isotropic Knight shift value of Kiso ∼
2770 ppm should be compared to much larger value of
6400 ppm20) found in metallic rubidium (Fig. 4(a)). We esti-
mate that the N(EF ) in Rb7.6/Rb12-LSX is by a factor of ∼ 2.3
smaller than the corresponding value in bulk Rb. Similarly
we can analyse the situation in sodium case, where the SC
is unfortunately overlapping with the RC and the correspond-
ing Kiso can be only estimated to lie between 100 ppm and
250 ppm. Since the metallic sodium has an isotropic Knight
shift of 1120 ppm, the N(EF ) is reduced by a factor between
4.5 and 11 in Na16.5/Na12-LSX. Based on the above crude es-
timates we can speculate that in Rb7.6/Rb12-LSX the rubidium
clusters muchmore preserve the metallic ground state in com-
parison to the sodium case.
Now we move to the analysis of NMR spin-lattice relax-
ation data, which provides further support for the enhanced
metallicity in rubidium case. In Fig. 4(b) we show 87Rb 1/T1T
measured at the RC, SC and RbC peak positions. Magnetisa-
tion recovery curves were fitted with a stretched exponential
model21) ∼ exp[−(τ/T1)α] with a single effective T1 to ac-
count for the distribution of T1 due to the multiple rubidium
sites contributing to RC and SC signals.23) The stretching ex-
ponents α for RC and SC are almost temperature indepen-
dent between 10 K and 190 K with the corresponding val-
ues of 0.55 and 0.65, respectively. 1/T1T of the RC shows a
strong temperature dependence, which is due to the thermal
motion of rubidium cations sitting in the LSX framework as
already demonstrated in Na-form LSX.18) The same motion
affects the RC lineshape too (Fig. 2(a)), which becomes nar-
rower above 100 K. As anticipated for a metallic rubidium,
the RbC component shows a Korringa behavior in the whole
temperature range. Rather surprisingly, the SC shows an al-
most identical Korringa behavior from 190 K down to 10 K,
which is a firm evidence of metallic ground state of rubid-
ium clusters confined in the supercages of Rb7.6/Rb12-LSX.
Finally, the relative enhancement of the N(EF ) in Rb7.6/Rb12-
LSX compared to Na16.5/Na12-LSX, can be estimated from
the ratio11, 22)
η =
√
87T1(RbC)/87T1(SC)√
23T1(NaC)/23T1(SC)
, (3)
where 87T1(RbC), 87T1(SC), 23T1(NaC) and 23T1(SC) denote
the T1 values for metallic rubidium, rubidium SC, metallic
sodium, and sodium SC, respectively. Plugging the corre-
sponding low-temperature values into Eq. (3) yields enhance-
ment by a factor of η ∼ 2.5, which is in qualitative agreement
with the above analysis of Knight shift and confirms the pre-
dicted dependence of N(EF ) on alkali atom mass.
In this work, we have investigated the maximally Rb-
loaded Rb-form LSX, which has been successfully synthe-
sized for the first time. Optical reflectance spectra indicate
that loaded Rb atoms are confined in supercages and β-cages.
At low temperatures the resistivity is by two orders of mag-
nitude lower compared to the most conducting Na case, but
still displays features typical for bad metals. The NMR shift
of SC and bulk magnetic susceptibility are fully compatible
with the model of localised small polarons thermally acti-
vated from the bath of (conducting) large polarons. The pres-
ence of polaron effects endorses the t-U-S -n model used to
describe the alkali-loaded zeolites and may, in combination
with strong electron correlations, explain the observed bad
metal behavior. The 1/T1T of SC is temperature independent
in the investigated temperature range, confirming the metal-
lic ground state in Rb7.6/Rb12-LSX, despite the fact that ru-
bidium clusters are formally confined in the insulating LSX
framework. Whereas the maximally Na-loaded Na-form LSX
zeolite shows that the DOS at the Fermi level is rather small
compared to bulk sodium, the maximally Rb-loaded Rb-form
LSX has a value comparable to bulk rubidium. This corrobo-
rates with the t-U-S -nmodel, which predicts that the metallic
ground state becomes more stable for zeolites with heavier
alkali clusters.4)
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